Background. Artemisinin resistance in Plasmodium falciparum has emerged in Southeast Asia and poses a threat to malaria control and elimination. Mutations in a P. falciparum gene encoding a kelch protein on chromosome 13 have been associated with delayed parasite clearance following artemisinin treatment elsewhere in the region, but not yet in China.
of Plasmodium falciparum malaria globally. Artemisinin resistance was reported first in western Cambodia [1, 2] and has been reported in other areas of Southeast Asia [3] [4] [5] [6] [7] [8] . Genome-wide association studies conducted in clinical isolates from Southeast Asia identified a region of P. falciparum chromosome 13 that was associated with delayed parasite clearance [9, 10] . Mutations in the propeller region of a kelch protein (K13) within the associated region were identified in laboratory-selected artemisinin-resistant isolates [11] and confirmed through in vitro and ex vivo association studies [12] . To date, at least 54 mutations have been identified within K13, including 41 mutations in the propeller domain, the domain in which most resistance mutations have been located [6, [11] [12] [13] [14] [15] .
Plasmodium falciparum malaria is currently only found in 1 province in China, the Yunnan Province, which borders Myanmar, Vietnam, and Laos. The national malaria treatment policy of China was updated in 2009, and the first-line drugs used to treat falciparum malaria since then have been ACTs, which include dihydroartemisinin-piperaquine, artesunate-amodiaquine, artemisinin-naphthoquine phosphate, and artemisinin-piperaquine [3] .
This study was designed to evaluate clinical outcomes after 7-day artesunate monotherapy or standard 3-day treatment with dihydroartemisinin-piperaquine for uncomplicated P. falciparum malaria at 3 sites in the Yunnan Province along the China-Myanmar border. Sequencing of the propeller domains of the K13 gene was performed to identify mutations and test their association with delayed parasite clearance.
METHODS

Therapeutic Efficacy Studies and Routine Surveillance
Study Sites and Design
The clinical studies were 1-arm prospective evaluations of clinical and parasitological responses to directly observed treatment for uncomplicated malaria, using a standard World Health Organization (WHO) therapeutic efficacy protocol [16] . The studies were conducted in Yingjiang, Tengchong, and Menglian counties ( 
Recruitment of Patients
For therapeutic efficacy studies, patients aged 6 months or older with fever (axillary temperature ≥37.5°C) or history of fever in the previous 48 hours were screened for inclusion. Enrolled patients had monoinfection with P. falciparum, parasitemia levels between 500 and 100 000 asexual parasites/µL, no history of antimalarial use in the last 14 days, and no signs of severe malaria or danger signs. All routine surveillance samples were obtained through passive case detection at clinics. Patients self-referring for evaluation of fever were evaluated for malaria infection by microscopy and/or rapid diagnostic tests. Those testing positive for malaria were referred to appropriate local health providers and asked to contribute dried blood spot samples.
Treatment of Patients and Follow-up
After written informed consent was provided, a detailed medical history, clinical examination, and both thick and thin blood films were performed for participants in therapeutic efficacy studies. In the 2009 study in Yingjiang, artesunate was administered at a total dose of 16 mg/kg over 7 days (1st day: 4 mg/kg; 2nd-7th days: 2 mg/kg/day). In each of the other studies, dihydroartemisinin-piperaquine was administered at a total adult dose of 2.5 mg/kg dihydroartemisinin and 20 mg/kg piperaquine for 3 days. One tablet of dihydroartemisininpiperaquine contained 40 mg base dihydroartemisinin and 320 mg piperaquine phosphate. All the antimalarial drugs were provided by the WHO.
Clinical and laboratory tests, including axillary temperature measurement and thick/thin blood smear preparation and examination, were performed at least daily (every 12 hours for the first 48 hours) while the study participants stayed in the hospital for antimalarial drug treatment (7 days for those treated with artesunate and 3 days for those treated with dihydroartemisinin-piperaquine). With the first day of treatment being day 0, postdischarge parasite examinations were also performed on days 14, 21, and 28 for artesunate-treated patients, and on days 7, 14, 21, 28, 35, and 42 for dihydroartemisinin-piperaquinetreated patients. Giemsa-stained blood smears were prepared for parasite density determination and speciation. Parasites were counted against white blood cells (WBCs) [17] (Supplementary Methods). Smears were read by 2 experienced microscopists, and discrepant results were adjudicated by expert microscopists certified as Level 1 by the WHO. Smears were considered negative when no asexual parasites were found after counting 1000 WBCs. Polymerase chain reaction (PCR) analysis was conducted to differentiate recrudescence (same parasite strain) from newly acquired infection with parasite genes msp1, msp2, and glurp [18] .
Outcome Measures
Treatment efficacy was evaluated based on clinical and parasitological outcomes and study end points in accordance with WHO guidelines for therapeutic efficacy monitoring. Study end points included treatment failure, completion of followup without treatment failure, loss to follow-up, and withdrawal from the study. Outcomes were classified as early treatment failure, late clinical failure (LCF), late parasitological failure, and adequate clinical and parasitological response.
Ethical Considerations
The study was reviewed and approved by the ethical review committees of the National Institute of Parasitic Diseases, Chinese Center for Disease Control and Prevention (China CDC), and of the WHO Western Pacific Regional Office. Informed written consent was obtained from patients or guardians of minor patients. Therapeutic efficacy studies were also registered as clinical trials at https://www.anzctr.org.au under the numbers ACTRN12610001008011 and ACTRN12610001028099.
Genotyping of K13
Sample Collection and DNA Extraction Dried blood spots on filter paper (Whatman 903, GE Healthcare) were collected from all participants in the therapeutic efficacy study before they received antimalarial drug treatment, as well as from individuals with P. falciparum confirmed by microscopy or rapid diagnostic test identified through routine surveillance. The routine surveillance samples were from Hainan Province in 2007 and therapeutic efficacy study sites from 2009 to 2013. DNA was extracted from dried blood spots following manufacturer's instructions (QIAamp 96 DNA Blood Kit, Valencia, California).
Nested PCR and Sequencing
A nested PCR amplification method was used following previously reported protocols with some minor modifications [11] . PCR products were purified using filter plates (Edge Biosystems, Gaithersburg, Maryland) and directly sequenced and analyzed on an ABI 3730XL automatic sequencer as recommended by the manufacturer. (Primers for nested PCR and sequencing PCR and cycling conditions are listed in Supplementary Table 1 ).
Statistics and Analyses
Clinical and demographic data were double-entered into a Microsoft Excel database. Parasite clearance half-lives were estimated from serial parasite counts using the publicly available WorldWide Antimalarial Resistance Network (WWARN) Parasite Clearance Estimator [19] and confirmed with a different clearance half-life calculator made available by the WHO Global Malaria Programme's Drug Resistance and Containment Unit.
The output sequence data were assembled, edited, and aligned using Sequencher (version 5.1) software. All mutations were assessed by comparing each sequence to the 3D7 reference (PF13_0238). Logistic regression was used to estimate the association between parasite clearance half-life >5 hours or day-3 parasitemia and the presence of any K13 mutation or the F446I mutation in infections for which parasite clearance half-lives measured. Odds ratios (ORs) and 95% confidence intervals were estimated using SAS (version 9.2) software. Sequences were deposited in GenBank under accession numbers KM591247-KM591575.
RESULTS
Characteristics of the Patients
A total of 218 participants from Yingjiang, Tengchong, and Menglian counties were enrolled in the therapeutic efficacy studies from 2009 to 2012. The average ages of participants from different sites ranged from 22.7 to 32.7 years. Most participants were young adults: less than 2% were aged 5 years or less, and 20.1% were aged 5-15 years. Men accounted for 66.1% of participants. Most (89.5%) participants had axillary temperatures ≥37.5°C before treatment, and the geometric mean parasite density of infections from each site ranged from 11 257/µL to 69 535/µL (Table 1) .
Outcome of Therapeutic Efficacy Study
All participants received directly observed antimalarial treatment with artesunate or dihydroartemisinin-piperaquine. The PCR-corrected efficacy of artesunate and dihydroartemisinin-piperaquine were 97.7%-100%. In Yingjiang in 2009, there was 1 LCF and 1 late parasitological failure, with parasitemia on follow-up days 20 and 27, respectively, following artesunate treatment. The third participant experienced an early treatment failure with parasitemia and axillary temperature ≥37.5°C on day 3 following treatment with dihydroartemisinin-piperaquine. The 2 participants with recurrent parasitemia were confirmed to have new infections by PCR [18] ( Table 2 ). Twelve of 65 participants (18%) were still positive for parasitemia on day 3 following a 7-day course of artesunate, and 5 of 80 participants (6%) were still positive for parasitemia on day 3 after dihydroartemisinin-piperaquine treatment.
Parasite Clearance Half-life
Parasite clearance half-lives were calculated based on the parasitemia at 0, 12, 24, 36, 48, and 72 hours [19] . Infections displayed short clearance half-lives after dihydroartemisininpiperaquine treatment in different sites and different years, with a median parasite half-life of less than 5 hours. Parasites from Yingjiang County displayed prolonged parasite clearance half-lives 5.08 hours (interquartile range: 3.11-6.43) following 7 days of artesunate monotherapy (Figure 2A ). There were no significant differences in the parasite clearance half-life between sites and times (Student t test; P > .05). The proportions of participants with different parasites clearance half-lives are shown in Figure 2B . Clearance half-lives were similar using both the WWARN and WHO calculators (P > .05, data not shown). been previously associated with delayed parasite clearance in Southeast Asia, but C580Y was observed in only 2 samples in southern China. No mutations were found in samples from Hainan Province (n = 14) or Menglian County (n = 9) ( Figure 3B ). We observed only 1 K13 mutation in each infection, consistent with other reports [11] . Details of K13 genotyping by site, study type, and year are provided in Supplementary Table 2 .
Association Between K13 Mutations and Delayed Parasite Clearance
Parasite clearance half-lives were prolonged after artemisinin treatment, with 44% of infections having half-lives >5 hours (n = 109). The presence of any K13 propeller mutation was significantly associated with parasitemia on day 3 after starting artemisinin treatment, as well as with parasite clearance halflife >5 hours in multivariable logistic regression models adjusting for, age, log-transformed parasitemia at diagnosis, and treatment (OR: 104, P = .0022 for day 3 parasitemia; OR = 26, P < .0001 for parasite clearance half-life). The presence of the F446I mutation was also significantly associated with day-3 parasitemia and clearance half-life >5 hours (OR: 9.1, P = .0045; OR: 9.0, P < .0001, respectively) ( Figure 3A ).
DISCUSSION
ACTs are currently relied upon for effective malaria treatment in most areas of the world, and their continuing efficacy is crucial to the success of control and elimination programs [20] . Artemisinin resistance has been identified along the Thailand-Myanmar, Thailand-Cambodia, Vietnam-Cambodia, and Vietnam-Laos borders [21, 22] . Artemisinin resistance was manifested as delayed parasite clearance and correlated with ring-stage survival of artemisinin treatment in vitro [1, 23] . Parasites in China have been reported to show decreased sensitivity to artemisinin and delayed parasite clearance time [3, 24] . Our study has shown that parasite clearance time after artesunate and dihydroartemisinin-piperaquine treatment is prolonged, and some infections have parasite clearance half-lives longer than 5 hours. Parasites with K13 mutations are more likely to exhibit parasite clearance half-lives longer than 5 hours compared to those with wild type alleles ( Figure 2A and Figure 3) . One early treatment failure occurred on day 3 following treatment with dihydroartemisinin-piperaquine. Unfortunately, K13 was not successfully sequenced for this treatment failure, which may or may not have represented a case of resistance, because parasite clearance is influenced by many factors, including the pretreatment parasite density, accurate timing of samples, adequate drug levels, and reliable counting [25] [26] [27] . This study provides evidence of reduced susceptibility of P. falciparum to artemisinin in southern China. All 3 clinical trial sites are located in southern Yunnan Province, bordering Shan and Kachin states in northern Myanmar. Plasmodium falciparum infections in Kawthaung, southern Myanmar, displayed markedly delayed clearance following artemisinin treatment, with parasite clearance half-lives being longer than 5 hours, suggesting emergence of artemisinin resistance in southern Myanmar [8] . Delayed parasite clearance suggesting artemisinin resistance was also found in southern Vietnam [13] . Large movements of mobile and migrant populations take place along these border areas frequently [28] . Border malaria will be one of the obstacles in artemisinin resistance contamination and malaria elimination, especially in the Greater Mekong Subregion [29] .
The K13-propeller was recently identified as a key determinant of delayed parasitological clearance after artemisinin treatment, and multiple single-nucleotide polymorphisms were associated with delayed clearance in western Cambodia [11] . The validation and molecular surveillance of the K13-propeller sequence in parasite surveys in Southeast Asia and sub-Saharan Africa is crucial to the artemisinin resistance containment efforts being implemented [30] . Numerous K13 propeller-coding polymorphisms were found in sub-Saharan Africa; however, the relationship between these mutations and artemisinin resistance in Africa has yet to be determined [14, 15, 30, 31] . Our study showed 14 different mutations in the K13 propeller domain in southern China with a prevalence of 47.7%. Four mutations of the K13 propeller domain, F483S, L492S, F495L, and E556D, were first reported in this study. The predominant mutation was F446I, which was associated with prolonged parasite clearance half-life and parasitemia on day 3 after treatment. F446I was also observed in a recent study, which found 3 parasites with the F446I mutation, 2 of which had a parasite clearance half-life of <5 hours, suggesting that this mutation might not be associated with artemisinin resistance [6] . With its much larger sample size of infections with this mutation, our study clearly implicates F446I as a resistance marker. Another study that did not assess treatment outcomes found F446I to be common in northeastern Myanmar [32] .
C580Y, which is the most common mutation in other Cambodian sites, was only observed in 2 samples in our study. Two other resistance-associated mutations common in Cambodia, R539T and Y493H, were not observed. Recently, we have shown that K13 mutations have emerged independently in multiple locations in Southeast Asia, including in Myanmar [12] . The independent emergence of K13 mutations in multiple geographic locations suggests the efforts to eliminate artemisininresistant malaria in 1 region may have a limited impact on the emergence of resistance in neighboring countries.
Our study had some limitations. Parasite clearance half-life is typically calculated based on the measuring parasitemia every 6 hours. Our study used the parasitemia every 12 hours, which may have inflated parasite clearance times. In addition, most of our results are based on treatment with dihydroartemisininpiperaquine, and the use of ACTs as opposed to artesunate monotherapy could underestimate artemisinin resistance.
In conclusion, P. falciparum infections in southern China displayed delayed parasite clearance that was associated with a predominant K13 mutation different from those that predominate elsewhere in the region. Our study provides new evidence that artemisinin resistance has emerged and is firmly established in southern China, and supports the idea that different artemisinin resistance mutations arise and predominate, even within the same geographical region. The scaling up of mapping K13 in Southeast Asia in conjunction with therapeutic efficacy studies will guide efforts to eliminate artemisinin resistant malaria in this region. This surveillance should account for the possibility of region-specific, resistance-associated K13 mutations.
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